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Summary -- 

Our laboratory ha? recently commissioned an axial 
injection line to transport an ECR beam into the K500 
superconducting cyclotron, and i? in the process Of 
designing a similar line for the K800 cyclotron. 
Extensive calculation? were performed during these 
Ftudie? to f-val?late the characteristic? of different 
kind? of ion inflectors at high magnetic fields (3-5 
T). Analytic, ray-tracing and tranP”er matrix 
techniques were utilized. 
We compare ir, thi? paper the result? from the different 
metnodz. 

Introduction. 

Since March 1986, the K5GO superconducting 
cyclotron ha.= Deen working wit:? an external ECR 

1 
source . The nearly completed K800 cyclotron will alao 
be fitted ;jlth an external source. In both cas? the 
beam 1~ Injected along the axis of the machine and 
deflected into the median plane. Mort cyclotron? use 
one of three devices to inject axial beams: 

2 
electron tatic mirror5 , 3 spiral inflector? or 

nyperDolsid inflectors4. We had selected the 

electrostatic mirror during our preliminary Ptudie? 5 

but t3e high electric ‘ield needed to bend the ions 
made it undesirable ;r. our ca?e ( Vinj= 20 kV, Q/u=0.5, 

Pm’ 8 mm, 30= 3.62 T ). The Ppiral inflector developed 

by Eelmont 3 at Grenoble require? a lower electric field 
and although more di?ficJlt to machine than the mirror 
it sati?fles our requirement of ?mal: size needed t3 
fit inside the first orbit in the central region. One 
more advantage over the mirror is tne absence of grids 
fhat decrease the tran?parency of the device. 

The optical propertie? of ion inflectore are 
traditionally .ctudied uping the linear transfer matrix 
technique. It iF much simpler and fa?ter than numeric 
integration, snd doe.- not require the detailed 
*nowledge of the electric field. It i: also Pimple to 

include in general programs 1 ike TRANSPORT 6 
. Due to 

the small ?ize of our inflector, the beam is alwayc- 
v-ry clove to the edge of the electrodes and 
con?equently the fringe f‘leld effect could Se 
potentially important during the entire motion inside 
the inflector. WI th thi? ps?ibility in mired we wrote a 
conputer code to integrate the equation? of motion in 
ti;e electric field of the inflector calculated by the 

relaxat i an code P.ELAK3D” . We deF:ribe in thip paper 
tte result:: of the-e calculation? and compare them with 
the linear approximation. 

Spiral inflector. -- 

The beam at the entrance of the inflector I? 
expec’,ed to be 2 nrr. in diameter approximately. We have 

--elected ar. inflector gap of 4 mm. 

i :f l,ct:ri 

The Phape of the 

I? determined by the magnetic radlu,c of 
curvature p a and the parameter K, related to the 

electrl” radiu- of curvature A by : 

* Work supported my NSF under Grant No. ?HY-8X-12245. 

K= A/(2p,) (1 j 

E= 2 Vinj/A (2) 

where E i? the electric field perpendicular to the 
orbit inside the inflector and qV. 

In3 
the injection 

energy. The smaller the value of K, the ?maller the 
horizontal cross-section of the inflector, but also the 
vertical height of the inflector decrease?. As we want 
A to be significantly larger than the electrode gap, we 
choee K=l .l as a compromise value. 

A comparison between the calculated central ray 
and tne theoretical central ray can be seen in Fig. 1 
(top) where we plot the difference in position for both 
ray3 a? a function of time. The ox and Ay are taken in 
the intrinsic (Frenet) coordinate system o? the 
theoretics1 central ray, along the normal and binormal 
respectively. The bottom part of the figure shows the 
electric flelc components in the laboratory reference 
frame. We .s e e that the calci;lated central ray 1~ 
typically within 0.1 mm ot the theoretical position. 
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Fig. 1. (Top) Motion of the central ray calcillated by 
numerical integration in t‘le relaxed potential with 
respect to the theoretical ray. x and y are along the 
normal and binormal of the theoretical ray :T=tit). 
(Sottom) Electric field.? (arbitrary unit?) in the 
laboratory reference frame for the theoretical ray 
(?Olid curve) and tke calculated zentral ray (da?hed 
cJrve). 
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To determine the optical properties of the 
inflector we tracked particles in the electric field 
that started displaced from the central ray by ~0.2, 
0.4, 0.8, and 1 .Z mm in the direction perpendicular to 
the electrode? (Xoj and parallel to them (Yo). The 

di,spiacements Ax and Ay, and VelocitieS AVx and AVy 

with respect to the central ray were calculated in the 
intrin.sic frame. Fig. 2 shows a? an example the x 
components of the displacements divided by the initial 
displacement. If the system has a linear behavior the 
normalized displacements should coincide and no 
difference should be observed between the different 

t 1 
-2. 

I. ..I.. .I....!.... 

4 

: o’2 
2 0.1 

2 
- 0.0 

I....,... I . ..!....I.. -1 
0 1 2 3 4 5 

5 - 

0 - 

-5 - 

~,,i.,.__.__..._i 
0 1 2 3 4 5 

Fig. 3 Normalized time difference between displaced 
rays and central ray (see Fig. 2). .-____ 

Hyperboloid inflector. ----- 

The hyperboloid inflector developed by Muller4 
has the advantage over the ?piral inflector in that it 
is easier to machine, ‘because the electroaes are 
surfaces of revolution. The potential is given by: 

V= -Kz2/2 + Kr2/4 + C (3) i 

where r, 13, z are cylindrical coordinateS but not 
centered in the cyclotron. The machine axis is at r=ro 

and 8=0. Aside from edge effects the optic? iS 

Fig. 2 Transfer matrix elements for the spiral 
:nflect=r as ;i function of time T. X is the coordinate 
along the normal to the central ray, and eight rays 
with initial diPplacements of tO.2, 0.4, 0.8, 1.2 mm 
were calculated and divided by the initial 
displacement. T w o sets were plotted, with 
diso:acements perpendicular to the electrodes (X0) acd 

parallel parallel to them (Yo). 

rays. Thi? is not the case in our calculation and the 
contribution? of the higher order terms are readily 
observable, especially in the particles that started 
with an initial displacement perpendicular to the 
electrodes (X0). Fig. 3 shows the transit time 

difference in degrees (r-wt, w=qB /m) between displaced o 

and central rays. 

Similar studies have been performed by Root’ for 
the ‘Trium? inflector with milch larger dimension? and 
less twist CK-0.4) then ours. The nonlinear effects 
were .small in thei- cape. 

linear’. As in the case of the spiral inflector we 
calculated the potential in the more realistic model 
including the RF Shield and entrance and exit fringe 
field?. 

The differences between the analytic electric 
fields and the fields calculated in the relaxed 
potential are shown in Fig. 4. They are plotted as a 
percent of the electric field at the entrance of the 
inflector. The analytic field is taken aS zero before 
the hard edge inflector entrance and after the exit. 

7 

Fig. 4 Difference between the electric field calculated 
from the relaxed potential along the orbit and the 
theoretical electric field at the same point in the 
hyperboloid inflector, as a percent of the field at the 
inflector entrance. 
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We see that the difference is well within f. l$, except 
at Lhe edge regions. The details of the edge region:: 
are Phown in Fig. 5. We have obtained similar plots 
for ion? that start dicplaced from the central ray by 1 
mm. When the displacement is toward? the electrodes the 
results are noi,sier, but Ptill within f 1%. 

Fig. 5 Similar to Fig. 4 but detailing the entrance 
and exit regions. - _ .~- 

The time evolution of the transfer matrix elements 
is plotted in Figures 6 and 7. The normalized 
difference? to the central ray were calculated in a way 
similar to that u?ed for the spiral inflector. The 
arrow? on the right margin indicate the calculated 

value? using a simple edge approximation lo in the 
linear transfer matrix. The calculated value:: agree 
reasonably well with the numerical integration results. 
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Flk‘. ; Similar to Fig. 2, but for %he hyperboloid 
lnflec tcr . Tne arro’d? oc the right margin indicate the 
expected valuec calculated with ii Timple approximation 
o.? the ?dge field?. 
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Fig. 7 Similar to Fig. 6. Y iP in the direction of the 
binormal. ---_ 

Conclusions. ---- 

Although the contribution of higher order term? 
is significant , the mylltiple advantage? of a linear 
approximation to the motion make it a very desirable 
tool in the study of ion inflector?. The transfer 
matrix coefficient? determined from analytic 
approximations seem to be in reasonable agreement with 
the numerical integration result?, but there are 
exception? when dealing with small device? and it might 
be advisable to obtain the coefficient? from numerical 
integrdtion. Thi? is especially true in deterolning 
di?tancez to the electrodes when calculating the 
acceptance of the inflector. 
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